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Abstract 
Catalytic fast pyrolysis (CFP) offers a simple and robust route to convert raw lignocellulosic biomass to 
aromatic hydrocarbons. During CFP, cellulose, hemicellulose, and lignin are first thermally decomposed 
to bio-oil vapors that are further converted to aromatics in the presence of a ZSM-5 zeolite catalyst. The 
high temperatures required for CFP also favor coke formation, an undesired byproduct, through 
condensation of the oxygenated intermediates on ZSM-5’s outer surface and/or secondary reactions inside 
its micropores. Introducing mesopores through desilication represents a possible strategy to enhance mass 
transport and intracrystalline diffusion, and consequently favor aromatic production over undesired coke 
formation. Here, we study the effect of desilication on the structure, acidity, and performance of 
aluminum-rich ZSM-5. Detailed characterization of the obtained zeolite catalysts indicates that mild 
desilication conditions do not significantly affect the elemental composition, crystallographic structure, 
microporosity, and distribution of aluminum atoms in framework and extraframework sites. However, the 
number of accessible Brønsted acid sites increased by ~50% as a result of the enhanced mesoporosity. 
Desilication increased the aromatic yields obtained for red oak pyrolysis (27.9%) compared to the parent 
zeolite (23.9%), without impacting the liquid product distribution (67.4% selectivity to benzene, toluene, 
and xylene). Our results suggest the catalytic performance could be further improved by enlarging the 
mouth of ink bottle shaped mesopores in order to further enhance mass transport between the gas phase 
and the zeolite’s micropore network. 
 
Keywords: Heterogeneous catalysis; biomass conversion; catalytic fast pyrolysis; ZSM-5; desilication 
 
  
 Highlights: 
• Mesoporous aluminum-rich ZSM-5 was synthesized by desilication and tested for the catalytic 
fast pyrolysis of cellulose, lignin, and red oak 
• Mild desilication conditions introduced mesopores without affecting the zeolite structure, 
elemental composition, or aluminum distribution in framework and extra-framework sites 
• Aromatic hydrocarbon yields increased as a result of the enhanced mesoporosity and accessibility 
to Brønsted acid sites for large compounds 
• Introducing mesopores did not alter the product distribution 
 
 
  
1. Introduction 
Lignocellulosic biomass emerges as a promising feedstock for supplying the chemical industry with 
renewable molecules that complement and/or replace chemicals from petroleum.[1-5] Among the various 
processes developed to deconstruct and upgrade non-edible lignocellulosic biomass to commodity and 
specialty chemicals, catalytic fast pyrolysis (CFP) offers a simple and efficient route to transform raw 
biomass to platform aromatics in a single reactor.[6, 7] During CFP, cellulose, hemicellulose, and lignin 
are first thermally deconstructed at high temperature (400-700 °C) to produce oxygenated furanics, 
phenolics, and anhydrosugars which are subsequently converted to desired aromatic hydrocarbons using a 
zeolite catalyst. This catalytic step is sensitive to the zeolite’s crystallographic structure and acidity.[8-10] 
The MFI zeolite structure characteristic of ZSM-5 provides unique selectivity toward monocyclic 
aromatics, in particular benzene, toluene, and xylene (BTX), which are key building blocks for the 
production of polymers (polystyrene, nylon 6,6, polyester terephthalate, etc.), resins, gasoline additives, 
dyestuff, among others. During CFP, the oxygenated intermediates obtained from the thermochemical 
decomposition of lignocellulose diffuse inside the zeolite crystals where acid-catalyzed deoxygenation, 
cracking, and aromatization take place.[8, 10, 11] ZSM-5’s exceptional selectivity to monocylic aromatics 
can be explained by its unique pore size and shape, which prevent the formation of larger aromatic 
compounds due to space constraints. However, while narrow pores are desired to achieve high selectivity, 
they also induce diffusion limitations which negatively impact acid site accessibility and catalyst 
performance. The introduction of mesopores through either top down or bottom up synthesis techniques 
may here be advantageous to further enhance diffusion and achieve higher yields.[12, 13] 
Post-synthetic desilication using alkaline solutions represents a simple and scalable method to 
introduce mesopores in zeolites.[12] Aqueous NaOH has been identified as the best medium for mesopore 
formation due to improved stabilization of silicate anions by Na+ compared to other cations.[14] This 
stabilization prevents the polymerization or reinsertion of silicate species back into the zeolite framework. 
Interestingly, tetrahedrally coordinated Al display a relative inertness to OH- attack allowing for 
preservation of Brønsted acidity.[15] Additionally, Al species that are extracted during alkaline treatment 
can be reinserted into framework positions.[16] This re-alumination preferentially occurs in or close to 
the mesopores, further improving acid site accessibility.[16]  
Alkaline desilication has been shown to improve transport and increase catalytic activity for a variety 
of petrochemical and biomass processing applications.[17-23] Groen et al. reported a two orders of 
magnitude enhanced rate of diffusion for neopentane in NaOH desilicated ZSM-5.[17] Similarly, a 2–3 
order of magnitude increase of the diffusion coefficient for cumene was achieved.[18] Others 
demonstrated greatly enhanced micropore accessibility for various styrene molecules using optical and 
fluorescence microscopy.[21] NaOH desilication has also been used to enhance activity, selectivity, and 
stability for methanol to gasoline and methanol to propylene reactions.[22, 23] Various parameters 
including temperature, NaOH concentration, reaction time, zeolite crystal size and aluminum content, 
have been investigated and their effect on catalyst porosity and increase in performance has been 
reviewed.[24] Interestingly, the effect of desilication on catalytic activity is not as straight forward for 
biomass transformations as it is for more conventional petrochemical reactions. Several groups studied 
desilicated ZSM-5 for CFP of cellulose, lignin, miscanthus, and beech wood with various success.[19, 25] 
Li et al. observed an increase in aromatic yield from 23.7 to 30.1% for beech wood but no change for 
cellulose.[19] In addition, the observed trends seem to vary with the Si/Al ratio of the studied zeolite.[25] 
The origin of these inconsistencies remain unclear and may arise from undesired alterations of the 
investigated catalysts or differences in reactivity of the cellulosic and lignin fractions of the studied 
biomass. 
The objective of this work is to study the effect of desilication on aluminum-rich ZSM-5 beyond the 
expected increase in mesoporosity. Specifically, we selected the commercial ZSM-5 with the highest 
activity for CFP and studied the effect of desilication conditions on its crystallographic structure, 
porosity, acidity, acid site accessibility, and catalytic performance for the conversion of cellulose, lignin, 
and red oak. Our extensive catalyst characterization results in an improved understanding of NaOH 
desilications and presents new considerations before implementation of this highly reported technology. 
 
2. Materials and methods 
2.1 Catalyst synthesis 
The parent aluminum-rich ZSM-5 sample (SiO2/Al2O3=23) was supplied by Zeolyst International in 
its ammonium form (Zeolyst CBV2314). The desilicated ZSM-5 samples were prepared by combining 
two grams of zeolite with 50 mL sodium hydroxide solution (NaOH pellets, Fischer Scientific, 99.2%) in 
a 125 mL Nalgene flask. The initial NaOH concentration was varied between 0.2 M, 0.5 M, and 1.0 M. 
The flask was then immerged in a pre-heated oil bath at 65 °C for 75 min and the solution was 
magnetically stirred at 500 RPM. After synthesis, the sample was placed in an ice bath for 10 min to 
quench the reaction. Solutions were centrifuged at 5,000 RPM for 30 min to decant the liquid phase and 
the collected solid was repeatedly washed with deionized water until the liquid phase reached pH 9. After 
the final wash, each sample was subjected to a 0.1 M HCl treatment (50 mL) at 65 °C for 4 h to decrease 
the extra-framework aluminum species.[26] The obtained zeolite was then rinsed with deionized water 
until reaching pH 5. Following the rinse, the zeolite was ion exchanged three times with 100 mL of a 0.2 
M NH4NO3 aqueous solution at room temperature overnight. The commercial zeolite was not ion 
exchanged as it was supplied in its NH4-form. All samples were then calcined in air at 550 °C for 10 
hours with a 5 °C/min ramp to thermally decompose NH4+ and obtain the acidic H-form of the zeolites. 
 
2.2 Characterization 
2.2.1 Nitrogen physisorption 
N2 adsorption-desorption isotherms were measured with a Micromeritics ASAP 2020 system at 
77 K. Prior to analysis, each sample was degassed by raising the temperature from 25 to 200 °C at 
5 °C/min and holding it for 720 min under dynamic vacuum. The Barrett-Joyner-Halenda (BJH) analysis 
with Faas correction of the adsorption branch of the isotherm was used to calculate the pore size 
distribution. The Brunauer-Emmett-Teller (BET) method was used to estimate the total surface area and 
the t-plot method to distinguish between micro- and mesopores. 
2.2.2 Quantitative X-ray diffraction 
X-ray diffraction (XRD) measurements were carried out using a Siemens D500 X-ray diffractometer 
equipped with a Cu X-ray tube. Data was collected in the range of 2Θ = 5 – 40° using a 0.05° step size 
and dwell time of 3 s per step. All data was analyzed using Jade software (V9.5). Test specimens were 
prepared by mixing the bulk sample with an internal standard (high purity corundum, Alpha Aesar, 
verified using NIST 674b standards zincite, rutile, and cerianite). Each zeolite sample was mixed with 
40 wt% internal standard by mass. Analysis was performed on 0.20 ± 0.03 g of powder using a zero-
background holder (MTI Corporation zero diffraction plate, size 20 mm diameter by 1 mm deep) for the 
commercial, 0.2 M and 0.5 M NaOH treated samples. A thin film analysis was performed on the 1.0 M 
NaOH treated sample due to the small amount of sample remaining post synthesis. Relative crystallinity 
was calculated by summing the peak maxima of the characteristic reflections at 2Ɵ = ~23.08, 23.88, and 
24.36°. Intensities are reported relative to the commercial sample which was arbitrarily taken as 100%. 
2.2.3 Scanning electron microscopy and energy dispersive X-ray spectroscopy 
Scanning electron microscopy (SEM) images were acquired on a FEI Quanta FEG 250 instrument 
equipped with a field emission gun. Energy dispersive X-ray spectroscopy (EDS) was performed with an 
Oxford Instruments Aztec™ spectrometer system equipped with an X-Max 80 detector. Samples were 
placed on carbon tape and sputter coated with 2 nm of Ir prior to analysis. SEM images and EDS spectra 
were acquired with an accelerating voltage of 10 kV and 15 kV, respectively. EDS measurements on a 
commercial sample of known concentration were used to verify the calculated silica-to-alumina ratios 
were accurate. 
2.2.4 Inductively coupled plasma mass spectrometry 
Inductively coupled plasma mass spectrometry (ICP-MS) was performed using a Thermo Scientific 
Element 1 instrument.  The samples were introduced into the ICP-MS by a low-flow nebulizer (PFA-100, 
Elemental Scientific Inc.) and a double-pass spray chamber. The mass spectrometer was operated in 
medium resolution (m/∆m ≈ 4000) and the detector was operated in dual mode (switching between 
counting and analogue measurements). 
Prior to ICP-MS detection, 10-12 mg of solid sample was accurately weighed in an acid washed 
Teflon bottle. A 70% nitric acid solution (1 – 2 g) and 2 – 4 g of hydrochloric acid were then added to the 
Teflon bottle to digest the solid. Deionized water was added for a total mass of 125 ± 5 g. Aliquots were 
diluted to 5 ppm using a blank of 1 % nitric acid, 2 % hydrochloric acid, and deionized water. Standard 
solutions of 2000 ppb, 200 ppb, and 20 ppb were also prepared. The 2000 ppb standard was prepared 
through a dilution of the stock solutions with the blank. The stock solution for silicon (SPEX CertiPrep, 
High-Purity Standards) was 1500 ppm, while aluminum (SPEX CertiPrep, High-Purity Standards) was 
1000 ppm. The 200 and 20 ppb were prepared through dilutions with the 2 ppm standard. Through 
analysis, it was determined that the blank solution contained negligible amounts of the analytes. 
2.2.5 27Al and 29Si solid state nuclear magnetic resonance spectroscopy 
The solid state nuclear magnetic resonance (SSNMR) measurements were performed on a Bruker 
Avance II spectrometer with a 14.1 T wide-bore magnet using a 4 mm triple resonance magic angle 
spinning (MAS) probe in double resonance mode. Topspin 3.0 software was used for data acquisition and 
processing. The operating frequencies for 1H, 27Al, and 29Si on this spectrometer are 600.13 MHz, 
156.38 MHz, and 119.22 MHz, respectively. Prior to measurement, the samples were first rehydrated in a 
humidifier for 48 h at room temperature. The hydrated powders (25-28 mg) were then packed into a kel-F 
rotor insert and the insert was placed in a 4 mm MAS rotor. Samples were spun at a frequency of 5 or 
12 kHz for Al and 10 kHz for Si. The slower speed for Al was required when spinning sidebands from the 
downfield peak interfered with the resonance of the upfield peak. The temperature was stabilized at 
298 K. Al spectra were acquired using 90-t-180-t-detect Hahn echo pulse sequence with a 2.5 µs 90° 27Al 
pulse and an echo period of one rotor period (200 µs at 5 kHz spinning speed or 83 µs at 12 kHz 
spinning), under 1H dipolar decoupling at 62 kHz. Al spectra were typically acquired with 2048 scans and 
a recycle delay of 1.5 s. Si spectra were acquired with a 5 µs 90° pulse on 29Si and 100 µs at 10 kHz in the 
echo sequence, under 1H dipolar decoupling at 62.5 kHz. Si spectra were acquired with 1800 scans and a 
recycle delay of 30 s. Calibrations were performed for 27Al with reference to 1 M Al(NO3)3 at 0 ppm and 
29Si with reference to siloxane at -9.6 ppm. 
2.2.6 Brønsted and Lewis acid sites characterization 
Brønsted and Lewis acid sites were probed using NH3 temperature-programmed desorption (NH3-
TPD) and diffuse reflectance infrared Fourier transform spectroscopy analysis (DRIFTS). TPD was 
performed in a Micromeritics Autochem II 2920. Samples were pre-treated at 550 °C (heating ramp: 
10 °C/min) in 10 ml/min He for 1 h to desorb any moisture from the surface. The zeolites were then 
cooled to 50 °C and ammonia was adsorbed for 30 min (20 ml/min of 10 vol% NH3 in He) followed by a 
flowing He purge for 30 min. NH3 desorption was recorded by heating the zeolite to 700 °C using a 10 
°C/min ramp in 10 mL/min He. Curves were normalized using the sample mass and offset for a zero 
reading at 650 °C. Peak areas were determined using a Gaussian analysis in Origin 9.1. DRIFTS spectra 
were recorded on a Bruker Tensor 27 spectrometer. The zeolite samples were first calcined at 550 °C for 
10 h and then exposed to pyridine vapor at room temperature overnight. Samples were diluted to 2 wt% in 
KBr and ground to 45 µm. Absorbance from 4000 – 1000 cm-1 was collected using 32 scans at a 4 cm-1 
resolution. Intensities were normalized using framework overtones at 2010 cm-1. A background spectrum 
was recorded with pure KBr. The Brønsted and Lewis acid site concentrations were calculated by 
normalizing powder results to pellet spectra reported in literature for the same commercial catalyst.[27] 
Molar extinction coefficients of 1.67 cm µmol-1 for Brønsted sites and 2.22 cm µmol-1 for Lewis sites 
were then applied.[28]  
 
2.3 Catalytic fast pyrolysis of cellulose, lignin, and red oak 
Catalytic fast pyrolysis experiments were performed using a micro-pyrolyzer (PY-2020iS, Frontier 
Laboratories, Japan) equipped with an auto-shot sampler (AS-1020E, Frontier Laboratories, Japan). The 
detailed description of the setup can be found in previous studies.[29, 30] All catalytic fast pyrolysis 
experiments were performed in-situ. The zeolite catalyst was mixed directly with biomass in a catalyst-to-
biomass weight ratio of 20. Approximately 5 mg of biomass/catalyst mixture were used in a typical 
experiment. The cups were loaded into the micro-pyrolyzer furnace preheated at 550 °C. Helium carrier 
gas at 100 mL/min was used to sweep the pyrolysis vapour into the GC (Varian CP3800, USA). The 
vapour was separated in a GC capillary UA-1701 column. The GC oven was programmed for a 3-minute 
hold at 40 °C followed by heating (10 °C/min) to 250 °C, after which temperature was held constant for 6 
minutes. The injector temperature was 260 °C and the injector split ratio was set to 100:1. Separated 
pyrolysis vapours were analysed either by a mass spectrometer detector (MSD) or a flame ionization 
detector (FID). The MSD (Saturn 2200, Varian, USA) was used for molecular identification. After the 
peaks were identified, standards were prepared to quantify the results using FID. The final product 
distribution was reported as molar carbon yield, defined as the molar ratio of carbon in a specific product 
to the carbon in the feedstock. Selectivity for aromatics in this study was defined as moles of carbon in a 
specific aromatic hydrocarbon to total moles of carbon in the liquid products. 
 
3. Results 
3.1 Catalyst characterization 
3.1.1 Structural and textural properties 
Powder XRD patterns were acquired to study any change in zeolite crystallinity that may occur as a 
result of the desilication treatment. The patterns only displayed reflections characteristic of the MFI 
structure (Fig. 1). The 0.2 M and 0.5 M NaOH treated samples presented comparable diffraction patterns, 
with relative crystallinities of 87 and 89 %, respectively, compared to the parent commercial ZSM-5. The 
1.0 M NaOH treatment revealed to be significantly harsher as little catalyst was collected and available 
for XRD. A thin film analysis was therefore performed on this sample, resulting in beam spillover to 2Θ ≈ 
15° (Fig. 1a). The diffractogram was not altered by beam spillover for higher angles and the expected 
framework peaks were observed for the 1.0 M treated sample. However, their intensities decreased 
considerably, giving a relative crystallinity of only 39%. These results suggest the bulk MFI structure is 
relatively stable under alkaline conditions for NaOH concentrations up to 0.5 M but undergoes a 
progressive amorphization under more severe desilication conditions. Because we only observed a slight 
increase in the amorphous scattering halo, most silicate species likely remained in solution as opposed to 
redeposited on the catalyst surface. The absence of deposited species is further supported by previous 
reports on the role of Na+ cations in stabilizing in-solution silicate.[14] Surface deposition and formation 
of additional phases such as α-crystobalite have been observed by XRD by other groups but only for 
samples treated under harsh (5.0 M NaOH) conditions.[15] Therefore, the decrease in relative crystallinity 
in the present study is likely the result of a decrease in bulk Si-O-Si bonds and the increase in surface 
atoms with increasing mesoporosity. Similar patterns and relative crystallinities were also obtained for 
nanosheets and pillared MFI structures where most silicon is externally accessible.[31-34] 
These XRD results are important for aromatization reactions, in particular for biomass catalytic fast 
pyrolysis, as strong correlations between crystallinity and aromatic yield have been demonstrated.[35] 
Additionally, the increase in structural defects and amorphous species is also problematic for liquid phase 
reactions: surface silanol groups have a detrimental effect on zeolite stability in water [36] and 
extraframework silica-alumina species are susceptible to dissolution under biomass relevant processing 
conditions.[37] These dissolved species are catalytically active and can enhance undesired side reactions, 
thus leading to losses in selectivity and yield.[37] These tradeoffs are problematic for the processing of 
biomass using zeolite-based catalysts.[38] 
 
Figure 1. X-ray diffraction patterns of the parent commercial ZSM-5 and mesoporous zeolites 
synthesized by desilication using 0.2 M, 0.5 M, and 1.0 M NaOH aqueous solutions.  
 
SEM revealed a progressive surface pitting with increased NaOH concentration (Fig. 2 and S1). The 
0.2 M and 0.5 M NaOH treated samples displayed little visible surface roughening while the 1.0 M 
treatment produced highly porous crystals, indicating that more alkaline conditions lead to larger 
mesopores visible by SEM. These results are consistent with transmission electron microscopy images 
reported by other groups.[12, 25] EDS results (Table 1) showed only a small change in elemental 
composition for the 0.2 M and 0.5 M NaOH treated samples compared to the parent zeolite. Restoration 
of a SiO2/Al2O3 ratio similar to the parent zeolite (or slightly above in the case of the sample synthesized 
with 0.5 M NaOH) was the result of the mild acidic treatment used to remove Al-rich debris.[26] In 
addition to forming during treatment, extraframework Al species were already present in the parent 
zeolite (based on 27Al NMR, vide infra), thus explaining how dealumination could produce a material 
with a higher SiO2/Al2O3 ratio. Conversely, treatment with 1.0 M NaOH resulted in a significant 
decrease from SiO2/Al2O3 = 23.2 to 15.3, demonstrating the preferential attack of the siloxane bonds. 
 
Table 1. Elemental composition and textural properties of the parent and desilicated ZSM-5 zeolites.  
 EDS 
SiO2/Al2O3
a 
BET 
SAb 
t-Plot µPore 
SAc 
t-Plot Ext. 
SAc 
t-Plot µPore 
Vol.c 
Mesopore 
Vol.d 
 -- (m²/g) (m²/g) (m²/g) (cm³/g) (cm³/g) 
Commercial Catalyst 23.2 376 276 100 0.128 0.074 
0.2 M NaOH 23.6 409 277 133 0.128 0.123 
0.5 M NaOH 26.1 397 239 158 0.110 0.222 
1.0 M NaOH 15.3 378 262 116 0.122 0.174 
a SiO2/Al2O3 ratio determined by energy dispersive X-ray spectroscopy analysis. The ratio obtained for the 
commercial zeolite is in good agreement with the manufacturer’s specifications. 
b Total surface area determined using the BET method. 
c External (Ext.) and micropore (µPore) surface area and volume calculated using the t-plot method. 
d Mesopore volume calculated from the total and microporous volumes determined by N2 physisorption using the 
single-point adsorption pore volume (total) and t-plot (micropore) methods. 
 
 
Figure 2. SEM images of (a) the parent zeolite and of the mesoporous ZSM-5 samples synthesized with 
(b) 0.2 M, (c) 0.5 M, and (d) 1.0 M NaOH solutions.  
Nitrogen physisorption results obtained for each sample are provided in Table 1 and Figure 3. As 
expected, total surface area and mesopore volume were enhanced upon desilication (Table 1). 
Mesoporosity typically increased at the expense of microporosity, in particular for samples synthesized 
under strong alkaline conditions (0.5 M and 1.0 M NaOH). This observation is consistent with previously 
reported trends.[14, 16, 19] The slight (~10%) drop in specific surface area and volume for micropores 
can be attributed to the presence of amorphous Al-rich debris resulting from the NaOH treatment of low 
Si/Al ZSM-5.[26] This change in microporosity seems relatively minor compared to the 100-200 % 
increase in mesoporous volume relative to the parent zeolite. However, the retention of the zeolite’s 
micropore network and corresponding size/shape selectivity were shown to be critical to achieve high 
yields for the aromatization of pyrolysis vapors over ZSM-5.[39] 
All zeolites exhibited a type IV isotherm with some variation in the hysteresis loop depending on the 
NaOH treatment (Fig. 3a). The sharp drop in the desorption branch at P/P0 ≈ 0.45 is characteristic of 
“ink-bottle” shaped pores. The small size of OH- allows for access to internal siloxane groups that, 
following OH- attack, can form soluble silicate species that diffuse out of the zeolite. The presence of 
“ink-bottle” shaped pores was further confirmed by comparing the pore size distributions calculated from 
the adsorption and desorption branches of the isotherm (Fig. 3b and S2). The distribution calculated from 
the desorption branch (Fig. S2) noticeably shifted to smaller pore diameters compared to the distribution 
presented in Figure 3b, which supports the presence of large pores with narrow pore mouths. The 
corresponding hollowing out of the zeolite crystal is common for structures with Al-rich external 
zones.[40]  
     
Figure 3. N2 adsorption isotherms and pore size distributions for the parent and desilicated samples.  
 
27Al and 29Si SSNMR spectra were acquired to get further insights into the atomic-level structure of 
the samples (Fig. 4). 27Al SSNMR revealed peaks characteristic of tetra- (ca. 55 ppm), penta- (ca. 30 
ppm), and hexa-coordinated Al (ca. 0 ppm). The full width at half maximum of the tetrahedral Al peak 
did not change significantly for both the 0.2 M and 0.5 M NaOH treated samples compared to the parent 
zeolite. This observation is consistent with previous findings that stated tetrahedrally coordinated Al and 
nearby Si are stable under relatively mild desilication conditions.[14] The quantitative analysis of the 
NMR spectra revealed only minor changes in specific Al concentration, in good agreement with the 
a) b) 
elemental composition determined by EDS (Table 2). In contrast, the mesoporous ZSM-5 synthesized 
under strongly alkaline conditions (1.0 M) suffered a significant drop in tetrahedral Al despite presenting 
the lowest Si/Al ratio. Most Al atoms were found in penta-coordinated and octahedral sites (Table 3) as 
well as in lower symmetry sites, making these Al atoms invisible under our measurement conditions due 
to strong quadrupole interactions.[41] These findings differ from previous works which reported a 
broadening of the tetrahedral peak along with the disappearance of the octahedral Al signal.[26] However, 
the spectra in these works were normalized using the intensity of the tetrahedral peak. This approach 
allows a qualitative analysis of peak positions and widths at best. In contrast, the quantitative NMR study 
performed in the present work enabled us to accurately determine the concentration of Al atoms in 
various coordination sites. 
All Si species identified in the 29Si SSNMR spectra (Fig. 4b) were bound to 4 oxygen atoms with the 
most intense peak at ca. -113 ppm being assigned to the siloxane linkages (Si-O-Si) [42-44]. The broad 
shoulder from -100 to -110 ppm corresponds to Si bound to one or more Al atoms (Si-O-Al).[42-44] The 
almost perfect overlap of the 29Si NMR spectra obtained for the parent zeolite and the samples 
synthesized with 0.2 and 0.5 M NaOH solutions confirms that the abundance of each Si species is 
relatively unaffected by the desilication treatment. In contrast, the harshest treatment resulted in a 
significant decrease in siloxane linkages along with an increase in Si bound to 2 and 3 Al atoms. 29Si peak 
broadening into this region following a 1.0 M NaOH treatment was also observed by Verboekend et al. 
[26] 
  
Figure 4. (a) 27Al and (b) 29Si SSNMR spectra obtained for the commercial ZSM-5 and the corresponding 
mesoporous ZSM-5 synthesized by desilication using 0.2 M, 0.5 M, and 1.0 M NaOH solutions. 
 
Table 2. Aluminum content determined by EDS, ICP, quantitative 27Al SSNMR, and NH3-TPD. 
 EDS ICP NMR 
 
SiO2/Al2O
3 Al 
SiO2/Al2O
3 Al Tet. Al
a Access. Alb 
 -- µmol/g -- µmol/g µmol/g µmol/g Commercial Catalyst 23.2 688 23.5 680 564 431 
0.2 M NaOH 23.6 677 22.6 706 607 464 
0.5 M NaOH 26.1 614 24.2 661 568 435 
1.0 M NaOH 15.3 1022 16.3 963 578 442 
a) b) 
a Based on the integration of the 27Al SSNMR peaks presented in Table 3. 
b Theoretically accessible acid sites calculated assuming 75-78% of the tetrahedrally coordinated (framework) Al 
are strong Brønsted acid sites accessible to ammonia.[45] 
Table 3. Relative distribution of observed Al atoms in tetra-, penta-, and hexa-coordinated sites 
determined by integration of the 27Al SSNMR spectra 
 Commercial 0.2 M NaOH 0.5 M NaOH 1.0 M NaOH 
Coordination Areaa Percent Areaa Percent Areaa Percent Areaa Percent 
Al(IV) 54.2 83 51.2 86 55.0 86 25.1 60 
Al(V) 1.3 2 0.3 1 0.0 0 4.8 12 
Al(VI) 10.1 15 8.2 14 8.8 14 11.7 28 
a Integrated areas x10-6 
 
3.1.2 Acidic properties 
The density, nature, and strength of accessible acid sites were probed by NH3-TPD and pyridine-
DRIFTS. While it is difficult to distinguish between acid site types by NH3-TPD, it has been 
demonstrated that the high temperature contribution at 366–413 °C can be unambiguously attributed to 
ZSM-5’s strong Brønsted acid sites (BAS) associated to framework Al atoms.[45] Comparing the TPD 
curves obtained for each sample revealed that the overall acidity decreased for the mesoporous zeolites 
relative to the parent ZSM-5 (Fig. 5). The preferential extraction of Si and retention of tetrahedral Al 
would suggest a decrease of the weakly acidic silanols and an increase of the strong Brønsted acid sites, 
as reported in previous works.[16, 46] Similarly, the post-desilication acid wash should preferentially 
remove extraframework Al, leading to fewer medium strength acid sites.[26] While a decrease in 
accessible weak and medium strength acid sites was observed (Fig. 5), NH3-TPD also revealed an 
unexpected drop in strong BAS. This drop could be either due to aluminum debris blocking pores and the 
access to strong BAS or to changes in tetrahedrally coordinated Al during the alkaline and/or acidic 
treatments.[47] The latter hypothesis can however be ruled out as 27Al SSNMR showed no significant 
change in framework Al for the 0.2 and 0.5 M treated samples, implying blocked pores are likely the 
cause for reduced acidity for these samples (Table 3). Changes in the number of strong BAS due to 
dealumination only occur under harsher conditions (e.g. 1.0 M NaOH), as revealed by 27Al and 29Si 
SSNMR.  
 Figure 5. NH3-TPD of commercial ZSM-5 and NaOH treated samples.   
Because NH3-TPD does not discriminate between acid site types, FTIR analysis of the pyridinated 
zeolites was also performed. The adsorption of pyridine on Brønsted acid sites produces bands in the 
region of ca. 1540 cm-1, which correspond to the C-C stretching vibration of the pyridinium ions. Pyridine 
adsorbed on Lewis acid sites produces instead a characteristic band at ca. 1450 cm-1. A third peak at ca. 
1490 cm-1 is attributed to pyridine interactions with both acid site types.[48, 49] After adsorbing pyridine, 
samples can be subjected to subsequent increases in temperature to desorb pyridine and allude to the 
number of acid sites of varying strengths. The measurements performed after desorption at 150 °C 
revealed significantly more pyridine bound to Brønsted acid sites for each of the treated samples (Tables 
4 and S1, Figures S3-S5). Increases of 49 %, 67 %, and 53 % relative to the parent commercial sample 
were observed for the samples treated in 0.2, 0.5, and 1.0 M of NaOH, respectively. Lewis acidity 
displayed a different trend, initially dropping by 14 % but subsequently increasing with treatment 
concentration, presenting 39 % more acid sites for the harshest treated sample relative to the parent 
zeolite. The trends identified from these spectra are different than those observed for NH3-TPD. The 
likely explanation for this apparent discrepancy is that at a desorption temperature of 150 °C, 
extraframework AlOH retains pyridine and the FTIR signals corresponding to pyridine adsorbed on weak 
extraframework Al and strong framework Al sites are convoluted. [49] However, the average desorption 
energy for pyridine adsorbed on AlOH (~90 kJ mol-1) is relatively low, meaning these species would not 
be observed in the strongest desorption peak of TPD. It should also be noted that discrepancies between 
TPD and pyridine FTIR of NaOH desilicated samples have previously been observed as well.[26] 
Pyridine being a much larger molecule than ammonia, the observed discrepancies could also be due to 
some Brønsted acid sites being not accessible to larger molecules.  
 
Table 4. Acid site densities for NaOH desilicated samples calculated from Fourier transform infrared 
spectra collected for various desorption temperatures.  
 150 °C 250 °C 350 °C 
 Brønsted Lewis Brønsted Brønsted 
 (µmol g
-1) (µmol g-1) (µmol g-1) (µmol g-1) 
Commercial Catalyst 650 28 655 582 
0.2 M NaOH 968 24 917 715 
0.5 M NaOH 1085 36 626 551 
1.0 M NaOH 997 39 1019 887 
 
Spectra collected after pyridine desorption at 250 and 350 °C displayed similar Brønsted acid trends 
but with marked differences compared to those obtained after desorption at 150 °C. In particular, the 0.5 
M treated sample displayed a 67 % increase in BAS relative to the parent sample following a 150 °C 
desorption but a ca. 5 % decrease for the 250 and 350 °C desorption temperatures. Because 
extraframework AlOH sites are relatively weak BAS, most sites retain pyridine at 150 °C but not at 
250 °C. Therefore, the significant increase in observed acidity following desorption at the lowest 
temperature likely corresponds to these extraframework species. Conversely, the 0.2 and 1.0 M treated 
samples displayed increases in BAS of 40 and 56 %, respectively, for the 250 °C desorption and 23 and 
52 %, respectively, for the 350 °C desorption temperature. These increases in Brønsted acidity are likely 
the result of improved pyridine accessibility to strong Brønsted acid sites associated to framework 
aluminum in the mesoporous samples. This interpretation is also consistent with the variations in 
microporosity observed by nitrogen physisorption. Specifically, any small pore constraints in the 
predominantly microporous parent zeolite limit the diffusion of bulky pyridine. Because the adsorption is 
allowed to reach equilibrium, pyridine can access the micropores through different channels in the 
mesporous sample. This explains why microporosity and pyridine FTIR follow similar trends. The 0.5 M 
NaOH desilicated sample exhibited the fewest micropores (239 m2/g) while the 0.2 and 1.0 M treatments 
resulted in comparable microporosity (277 and 262 m2/g, respectively). 
 
3.2 Catalytic fast pyrolysis of cellulose, lignin, and red oak 
Catalytic fast pyrolysis tests were performed using a Frontier micropyrolyzer. In contrast to 
pyroprobe systems for which the catalyst/biomass mixture is loaded in a quartz tube and placed in a 
resistively heated coil, here the catalyst/biomass samples were directly dropped in the preheated furnace 
of the micropyrolyzer. As a result, the samples were brought to reaction temperature within 500 ms and 
the average residence time was 9.9 seconds based on the experimental procedure reported elsewhere (Fig. 
S6).[50] The yield obtained for cellulose CFP with the control sample was 28.5% (Fig. 6). The 0.2 M 
NaOH treated sample displayed a 0.9 % increase in aromatic yield from 28.5 % to 29.4 %. Yields 
decreased by ca. 3 % for the 0.5 M and 1.0 M treated samples to 25.3 and 25.2 %, respectively. 
Interestingly, the slightly higher performance of the 0.2 M NaOH sample compared to the parent zeolite 
was observed despite a preference for ink-bottle shaped mesopores (N2-physisorption) and a decrease in 
the strong Brønsted acid sites (NH3-TPD). It appears that the improved accessibility (BAS measured by 
pyridine-FTIR after desorption at 350 °C) was able to compensate for the decrease in the total number of 
strong BAS (measured by NH3-TPD). It is also interesting to note that the highest yield was obtained for 
the mesoporous sample with the greatest microporosity, thus the right balance between meso- and 
microporosity is critical to achieve high yields. These results are consistent with previous works 
performed by our group and others that demonstrated the importance of micropore retention when 
studying CFP.[25, 35, 39]  
 Figure 6. Aromatic yields obtained for the catalytic fast pyrolysis of cellulose over a commercial Al-rich 
ZSM-5 and the corresponding mesoporous ZSM-5 samples synthesized by desilication.  
The more detailed analysis of the condensable reaction products (Table 5) revealed only very minor 
fluctuation in the product distributions. All samples preferentially produced monocyclic aromatics with 
benzene, toluene, and xylene (BTX) representing 67-72 % of the detected products. These values are 
slightly higher than the BTX selectivities obtained for desilicated ZSM-5 by other groups, i.e. ~60 % for 
Li et al. and ~33 % for Gamliel et al.[19, 25] These differences are likely due to variations in the selected 
reaction temperatures (600-650 °C vs. 550 °C) and experimental setup (pyroprobe vs. micropyrolyzer).  
Table 5. Aromatic yield and liquid products distribution obtained for the catalytic fast pyrolysis of 
cellulose over commercial and desilicated ZSM-5. 
 
Commercial Zeolite 0.2 M NaOH 0.5 M NaOH 1.0 M NaOH 
Aromatic Yield (% C) 28.5 ± 0.5 29.4 ± 0.9 25.3 ± 0.4 25.2 ± 1.4 
     
Liquid Product Distribution     
Benzene 18.3 ± 0.1 22.0 ± 0.1 22.3 ± 0.1 21.4 ± 0.2 
Toluene 29.5 ± 0.4 30.1 ± 0.2 32.2 ± 0.3 32.4 ± 0.0 
Ethylbenzene 0.9 ± 0.0 0.7 ± 0.0 0.7 ± 0.0 0.8 ± 0.0 
p,m-Xylene 14.5 ± 0.0 12.6 ± 0.2 13.4 ± 0.1 13.8 ± 0.0 
o-Xylene 4.1 ± 0.0 3.4 ± 0.0 4.1 ± 0.1 4.3 ± 0.2 
1,2,3-Trimethylbenzene  2.6 ± 0.0 1.7 ± 0.0 2.2 ± 0.0 3.0 ± 0.1 
Indene 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 
Naphthalene 10.5 ± 0.0 12.7 ± 0.2 10.7 ± 0.1 10.0 ± 0.3 
2-Methylnaphthalene 10.4 ± 0.0 10.6 ± 0.1 8.8 ± 0.1 8.5 ± 0.1 
1-Methylnaphthalene 4.3 ± 0.0 5.0 ± 0.0 4.5 ± 0.1 4.4 ± 0.0 
1,7-Dimethylnaphthalene 1.7 ± 0.0 0.2 ± 0.1 0.1 ± 0.0 0.2 ± 0.0 
2,6-Dimethylnaphthalene 1.9 ± 0.0 0.1 ± 0.0 0.5 ± 0.1 0.4 ± 0.4 
1,8-Dimethylnaphthalene 0.6 ± 0.0 0.5 ± 0.0 0.3 ± 0.0 0.4 ± 0.0 
Anthracene 0.3 ± 0.1 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.1 
 
 Table 6. Aromatic yield and liquid products distribution obtained for the catalytic fast pyrolysis of 
cellulose, lignin, and red oak over commercial and 0.2 M NaOH desilicated ZSM-5. 
 Commercial Zeolite 0.2 M NaOH 
 Cellulose Lignin Red Oak Cellulose Lignin Red Oak 
Aromatic Yield (% C) 28.5 ± 0.5 11.8 ± 0.6 23.9 ± 0.7 29.4 ± 0.9 7.7 ± 0.8 27.9 ± 0.8 
       
Liquid Product Distribution       
Benzene 18.3 ± 0.1 18.2 ± 0.2 14.0 ± 0.1 22.0 ± 0.1 17.0 ± 0.4 14.5 ± 0.1 
Toluene 29.5 ± 0.4 25.0 ± 0.4 26.1 ± 0.0 30.1 ± 0.2 24.3 ± 0.7 26.1 ± 0.1 
Ethylbenzene 0.9 ± 0.0 1.4 ± 0.1 1.3 ± 0.0 0.7 ± 0.0 1.5 ± 0.2 1.3 ± 0.1 
p,m-Xylene 14.5 ± 0.0 18.4 ± 0.3 21.4 ± 0.1 12.6 ± 0.2 17.7 ± 0.4 20.9 ± 0.1 
o-Xylene 4.1 ± 0.0 4.4 ± 0.2 5.9 ± 0.0 3.4 ± 0.0 5.0 ± 0.1 5.9 ± 0.0 
1,2,3-Trimethylbenzene  2.6 ± 0.0 1.7 ± 1.2 3.9 ± 0.0 1.7 ± 0.0 2.7 ± 0.0 3.5 ± 0.1 
Indene 0.2 ± 0.0 0 ± 0.0 1.3 ± 0.1 0.2 ± 0.0 2.0 ± 0.1 1.6 ± 0.1 
Naphthalene 10.5 ± 0.0 15.0 ± 0.4 9.0 ± 0.1 12.7 ± 0.2 13.6 ± 1.1 9.2 ± 0.0 
2-Methylnaphthalene 10.4 ± 0.0 10.6 ± 0.2 9.1 ± 0.2 10.6 ± 0.1 9.4 ± 0.5 8.6 ± 0.1 
1-Methylnaphthalene 4.3 ± 0.0 0 ± 0.0 2.5 ± 0.0 5.0 ± 0.0 1.6 ± 0.1 2.7 ± 0.0 
1,7-Dimethylnaphthalene 1.7 ± 0.0 3.0 ± 0.1 3.2 ± 0.2 0.2 ± 0.1 2.9 ± 0.1 2.8 ± 0.0 
2,6-Dimethylnaphthalene 1.9 ± 0.0 0.1 ± 0.0 0.9 ± 0.0 0.1 ± 0.0 0.5 ± 0.0 1.1 ± 0.0 
1,8-Dimethylnaphthalene 0.6 ± 0.0 0 ± 0.0 0.2 ± 0.2 0.5 ± 0.0 0.4 ± 0.0 0.4 ± 0.0 
Anthracene 0.3 ± 0.1 1.2 ± 0.0 1.2 ± 0.0 0.2 ± 0.0 1.3 ± 0.1 1.4 ± 0.0 
When considering pyrolysis, lignin and raw biomass deconstruct into larger fractions than cellulose. 
Many of these species are too large to fit into the zeolite pores and, therefore, the addition of mesopores 
in the catalyst is expected to critically enhance its activity. To test this, lignin and red oak were pyrolyzed 
in presence of the parent ZSM-5 and of the most promising mesoporous sample (0.2 M NaOH). 
Surprisingly, a decrease in aromatic yield from 11.8 to 7.7 % was observed for the pyrolysis of lignin 
over the mesoporous catalyst compared the parent zeolite (Table 6). Conversely, an increase of 4.0 % 
(23.9 to 27.9 %) was achieved for the red oak feedstock. Interestingly, both zeolites produced very similar 
selectivities (± 2%) for both biomass starting materials. Increases in aromatic yield from 23.7 ± 0.5 to 
30.1 ± 0.6 for the CFP of beech wood and 9.89 ± 0.23 to 13.2 ± 0.1 for the CFP of lignin were observed 
in other work.[19] The discrepancy between lignin in our and earlier works could be a result of the 
method by which lignin was separated from the raw material.  
 
4. Discussion 
The fast pyrolysis of biomass offers a sustainable alternative to petroleum for the production of 
chemicals and fuels. However, this process produces a highly oxygenated bio-oil containing over 300 
different compounds.[51] The selectivity of fast pyrolysis can be greatly enhanced through the use of a 
catalyst, in particular with ZSM-5 zeolite which gives the highest selectivity toward monocyclic platform 
aromatics essential to the chemical industry.[8] Despite this high selectivity, a significant fraction of the 
freedstock’s renewable carbon is lost to coke and char, two undesired byproducts. Coke formation has 
been attributed to the polymerization of small oxygenates on the external surface of the zeolite and to the 
formation of polyaromatic hydrocarbons through condensation reactions inside the micropores. Studies 
performed with furanic model compounds revealed that upwards of 30 % of the carbon is lost through 
polymerization in the gas phase and on the catalyst’s outer surface during CFP.[52] Better diffusion of 
these species and improved access to underutilized bulk acid sites could minimize coke formation and 
improve selectivity toward desired products. This hypothesis prompted us and others to investigate the 
performance of mesoporous ZSM-5 synthesized by desilication. 
The introduction of mesopores through desilication presents a significant opportunity to improve the 
performance of a catalyst that can be heavily underutilized due to diffusional limitations.[12, 18, 20, 22, 
23] In zeolites, pore diffusion generally occurs by the configurational or restricted diffusion 
mechanism.[53] Configurational diffusion is a mechanism intermediate of surface and solid-bulk 
diffusion where the molecules diffuse as a single file along the pore surface.[54] As the pore size expands 
to that of a mesopore (2 nm < pore diameter < 50 nm) or macropore (pore diameter > 50 nm), diffusivity 
is best described by the Knudsen diffusion mechanism. In this regimen, the mean free path of travel for a 
molecule is on the order of that of the pore diameter and diffusion relies on wall collisions to direct 
molecular flow.[54] Diffusion coefficients for Knudsen transport are orders of magnitude faster than 
those observed for the configurational mechanism. The transition from configurational to Knudsen 
diffusion and the resulting increase in the rate of diffusion is expected to enhance the catalytic activity of 
zeolites for a wide range of reactions. In addition to pore transport, an external film layer around the 
particle can introduce mass transfer limitations. These surface barriers can account for upwards of 60% of 
overall mass transfer limitations in zeolites.[55] Improved transport from the surface to the crystalline 
bulk could minimize the condensation of reactants and/or products at the surface, increasing desired 
product formation at the expense of coke. Desilication offers a simple approach to enhance both 
intracrystalline diffusion and external mass transport, and thus significantly improve active site 
accessibility. This method has already proven to be very effective for ZSM-5 with SiO2/Al2O3 ratios of 
50 or above. However, its effectiveness varies with the aluminum content of the zeolite. Aluminum-rich 
ZSM-5 (SiO2/Al2O3 ≈ 23) is more resistant to alkaline attack and the impact of the treatment on the 
zeolite’s structure and acidity has not been thoroughly characterized.[24, 26] In addition, we have 
previously demonstrated that structural or chemical alterations can have particularly severe consequences 
on the ZSM-5’s performance for CFP, causing drops in aromatic yield on the order of 50 %.[35] These 
losses in catalytic performance compared to commercial zeolites were particularly severe for mesoporous 
ZSM-5 synthesized using a bottom-up strategy. Therefore, the objective of the present study was to gain 
further insights into the true origin of the enhancements in catalytic activity reported for NaOH-treated 
samples in order to guide further catalyst developments. 
Previous work has demonstrated that desilication is most effective in the 0.2 – 0.5 M range.[26] 
Moderate concentrations result in a desirable balance between micro- and mesoporosity. Conversely, high 
concentrations (≥ 1.0 M NaOH) significantly alter the MFI structure. The excess OH- will desilicate to the 
point of silicate saturation.  These species will then readily react with the zeolite surface to form 
amorphous or α-crystobalite solid phases.[15] Deposited solids can block pores and represent an 
undesirable weight fraction of the material. The drastically modified zeolite can allude to treatment 
limitations and clarify observed structure-activity correlations. Therefore, treatment concentrations of 0.2, 
0.5, and 1.0 M NaOH were chosen for this study. 
N2 physisorption analysis of the samples synthesized in the present investigation confirm the 
formation of mesopores in the desilicated samples. The 100-200 % increase in mesoporous volume while 
the total and micropore surface areas remained almost constant (Table 1) suggests the formation of large 
mesopores and/or mesovoids. This is further confirmed by the change in the pore size distribution (Fig. 
3b), which reveals the presence of 7-50 nm pores in the desilicated samples. However, the shape of the 
isotherms (Fig. 3a) and the differences in the distributions calculated from the adsorption and desorption 
branches of the isotherm (Fig. 3b and S2) suggest the prevalence of “ink bottle” shaped pores in 
desilicated Al-rich ZSM-5 zeolites. While these pores can still increase bulk utilization through enhanced 
intracrystalline diffusion, higher catalytic activity would be expected for externally accessible 
mesopores.[12] Specifically, the narrow pore mouths may hinder the access and catalytic conversion of 
bulky reactants inside the ZSM-5 crystals.[12] “Ink bottle” shaped pores have not been reported for 
desilicated zeolites with higher Si/Al ratios. However, high framework Al content, along with high strong 
Brønsted acid site density, were shown to be critical to achieve the best CFP performance. Therefore, it 
appears that there will be a trade-off between mesoporosity and catalytic performance in the case of Al-
rich ZSM-5 for application in biomass CFP. 
Further analysis of the zeolite samples by SEM, EDS, XRD, and SSNMR (Fig. 1-2, 4, S1; Tables 1-
3) revealed that the overall crystal morphology, crystallographic structure, elemental composition, and 
distribution of Al atoms in tetra-, penta-, and hexa-coordinated sites are preserved when mild desilication 
conditions are employed ([NaOH] ≤ 0.5 M). The similarities between parent ZSM-5 and samples 
desilicated using 0.2 and 0.5 M NaOH solutions allows for an easy and fair comparison of the catalytic 
activities of these zeolites. Cellulose CFP revealed only minor improvements for the 0.2 M NaOH sample 
and a small decrease in aromatic yield for the 0.5 M NaOH sample compared to the parent ZSM-5. 
Conversely, the mesoporous volumes measured by N2 physisorption were of, respectively, 0.123 and 
0.222 cm3/g for the zeolties desilicated with 0.2 and 0.5 M NaOH solutions. Therefore, the differences in 
catalytic performance cannot be explained by improved diffusion and/or mass transport. Instead, the 
catalytic data is consistent with the number of accessible strong BAS measured by pyridine-FTIR after 
desorption at 350 °C (Table 4).  
Further efforts to characterize the acidic properties of the desilicated Al-rich ZSM-5 samples 
revealed apparent discrepancies between the various techniques used in this study. However, the careful 
analysis of these results provided new insights into the CFP reaction and the key parameters that govern 
ZSM-5 performance. Specifically, comparison of the Al content calculated from EDS and 27Al SSNMR 
spectra showed that the SiO2/Al2O3 ratio does not accurately reflect the number of tetrahedral Al atoms 
in the zeolite framework. Differences are particularly obvious for the ZSM-5 desilicated with the 1.0 M 
NaOH solution (Table 2). The concentration of tetrahedral Al (determined by SSNMR) is always smaller 
than the amount of Al measured by elemental analysis due to the presence of NMR-invisible 
extraframework Al and of NMR-visible higher coordinated Al (Table 2). This indicates that the number 
of strong Brønsted acid sites associated with a tetrahedral Al coordination is always lower than the 
theoretical number of BAS calculated from the elemental composition. In addition, Bates et al. 
demonstrated that out of the BAS density calculated from SSNMR, only 73-78 % of the sites are, in 
general, accessible to NH3 due to pore blocking by Si and Al debris.[45] Our own NH3-TPD 
measurements (Fig. 5) compared to the theoretical number of sites that should be accessible based on 
SSNMR results (Table 2) suggest significant pore blocking after the desilication treatment. This is 
particularly obvious when comparing the TPD curves for the parent, 0.2 M, and 1.0 M NaOH treated 
samples considering that the parent zeolite has the lowest number of theoretically accessible sites (based 
on SSNMR) of this series (Table 2). Interestingly, the number of accessible BAS determined by pyridine-
FTIR after desorption at 350 °C follows an opposite trend. For example, the number of pyridine 
accessible sites increased by 23% for the 0.2 M NaOH zeolite compared to the parent ZSM-5 while, at the 
same time, NH3-TPD curves showed a marked decrease in strong Brønsted acid sites (Fig. 5). This 
comparison, together with the catalytic results for cellulose and red oak CFP, reveals that titrating the acid 
sites with small probe molecules is not an accurate method to predict catalytic performance. Instead, 
pyridine more accurately mimics the size and shape of the oxygenated intermediates formed during the 
thermal decomposition of biomass, thus the accessibility of these reactants to the zeolite’s active sites. 
Finally, it should also be noted that the number of pyridine-accessible sites, the catalytic activity, and the 
mesoporous volume (Table 1) do not follow the same trend. Therefore, increases in catalytic activity 
cannot be solely explained in terms of mesoporosity. These results suggest improving the transport of 
bulkier molecules produced from these feedstocks is beneficial but represents only one parameter of many 
involved in this complex reaction.  
 
5. Conclusions 
Mesoporous zeolites were synthesized through a NaOH desilication method and fully characterized. 
We observed significant increases in mesoporosity but at the expense of other parameters that have been 
identified as instrumental for various reactions. The synthesized catalysts were then tested for the 
catalytic fast pyrolysis of cellulose, lignin, and red oak. While improvements for the CFP of cellulose is 
almost within error, it is advantageous to process raw biomass, e.g. red oak, over desilicated ZSM-5. At 
this time it remains unclear if the enhanced catalytic activity of desilicated zeolites can be attributed to 
improved diffusion and/or mass transport of reaction intermediates. Specifically, improvements in 
catalytic activity cannot be solely explained based on changes in mesoporosity. Our results reveal that to 
have a significant impact, the alkaline treatment must increase the mesoporosity and also improve the 
accessibility to strong Brønsted acid sites for bulky reactants, which is beneficial to their deoxygenation 
and conversion to aromatic hydrocarbons.  
Through our work and a review of literature, we have also demonstrated that the extent to which 
these desilicated zeolites are beneficial in CFP depends on retention of microporosity and accessibility of 
mesopores, hence to the optimal balance between micro- and mesoporosity.[12, 25, 39] With the cause 
for limitations identified, catalysts and catalyst synthesis methods can be further designed to minimize the 
detrimental effects of alkaline desilication. 
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